The surface tension (g) of xylem sap plays a key role in stabilizing air-water interfaces at the pits between water-and gas-filled conduits to avoid air seeding at low water potentials. We studied seasonal changes in xylem sap g in Picea abies and Pinus mugo growing at the alpine timberline. We analyzed their vulnerability to drought-induced embolism using solutions of different g and estimated the potential effect of seasonal changes in g on hydraulic vulnerability. In both species, xylem sap g showed distinct seasonal courses between about 50 and 68 mN m 21 . Solutions with low g caused higher vulnerability to drought-induced xylem embolism. The water potential at 50% loss of hydraulic conductivity in P. abies and P. . This indicates up to about 1 MPa seasonal variation in 50% loss of hydraulic conductivity. The results revealed pronounced effects of changes in xylem sap g on the hydraulic safety of trees in situ. These effects also are relevant in vulnerability analyses, where the use of standard solutions with high g overestimates hydraulic safety. Thus, g should be considered carefully in hydraulic studies.
The surface tension (g) of xylem sap plays a crucial role in plant hydraulics. It is responsible for the tensions occurring in the xylem network of vascular plants, as air-water menisci in the small cell wall pores of the leaf mesophyll do not allow air to enter the system. Transpiration at the leaf level thus causes negative pressure (i.e. low water potential [C] ), which is transmitted down to the root system, where the water uptake occurs. The transmission of C is based on the strong cohesive and adhesive forces of water (cohesion-tension theory of sap ascent; Boehm, 1893; Dixon and Joly, 1894; Steudle, 2001) , meaning that the xylem sap is in a metastable state and, therefore, prone to cavitation.
This transition from the liquid to the vapor phase (Cochard, 2006) leads to embolism formation and, thus, to the loss of hydraulic conductance, respectively reduced productivity, and, in extreme cases, even plant death (Sperry et al., 1993; Brodribb and Cochard, 2009) .
Xylem embolism induced by drought stress and/or freezing stress is caused by the aspiration of gaseous bubbles into xylem conduits from adjacent gas-filled compartments via the pits (air seeding; Tyree and Zimmermann, 2002) . In angiosperms, the critical threshold for air seeding is defined by the pore sizes in the pit membrane (Tyree et al., 1994) , as, at C less negative than the threshold for air seeding, the airwater interface is stabilized by g of the xylem sap (Sperry and Hacke, 2004; Brodersen et al., 2014) . According to Laplace's law, reduced vulnerability thresholds upon artificial decrease in g were reported in some angiosperms (Crombie et al., 1985; Choat et al., 2004) . Instead, the hydraulic safety of conifers is based on their special valve-like pit structures (Domec et al., 2006; Cochard et al., 2009; Delzon et al., 2010) . These structures typically consist of a porous web-like structure of microfibril strands (margo) that surrounds a central thickening (torus). The torus acts as a plug, which seals the pit aperture upon C differences between adjacent conduits, thus avoiding air seeding (Strasburger, 1891; Liese, 1965; Bauch et al., 1972; Cochard et al., 2009 ). However, conifers also exhibit species-specific C thresholds, at which this valve mechanism fails and air seeding occurs. The mechanism leading to conifer pit failure is probably based on seal capillary seeding, where the air enters at gaps between the torus and the edge of the aperture Hacke and Jansen, 2009; Delzon et al., 2010; Bouche et al., 2014) . In some Pinaceae species, air seeding through pores present in the torus also seems to be likely Bouche et al., 2014) . In each of these cases, the critical C again depends on g. Cochard et al. (2009) demonstrated that low g, experimentally reduced by artificial surfactants, increases the vulnerability to xylem embolism in conifers, which supports the hypothesized air-seeding mechanisms (rather than mechanical failure; Delzon et al., 2010) . Also, freeze-thaw-induced xylem embolism probably is based on an air seeding-like process during freezing (Charrier et al., 2014 (Charrier et al., , 2017 Mayr and Ameglio, 2016) and the expansion of bubbles on thawing when tensions in the xylem sap overcome g (bubble expansion hypothesis; Davis et al., 1999; Sperry, 2003, 2006; Mayr and Sperry, 2010) . As air is not soluble in ice, gas bubbles form in the conduits while freezing, and, upon thawing, when the pressure of the surrounding xylem sap is sufficiently negative to counter the bubblecollapsing force of g, they will expand rather than dissolve (Pittermann and Sperry, 2006; Mayr and Sperry, 2010) .
As indicated by a study of Christensen-Dalsgaard et al. (2011) , g of the xylem sap might be modulated in plants via the adjustment of sap solutes and insoluble colloids. Besides the presence of non-surface-active molecules (Andersen et al., 1995; Schill and Hartung, 1996) , such as inorganic salts and sugars that might increase g and alcohols that might decrease g, also natural surface-active compounds, such as phospholipids, proteins, and glycoproteins, known for decreasing g, were detected in the xylem sap (Iwai et al., 2003; Ligat et al., 2011; Schenk et al., 2017) . ChristensenDalsgaard et al. (2011) also found g of extracted xylem sap to steeply decrease until leveling off, thus indicating the presence of amphiphilic surfactants. In fact, soluble surfactants typically reduce g until reaching a stable state, at which the rate of surfactant molecules moving away and getting absorbed at the surface is constant. Conversely, Schenk et al. (2017) recently hypothesized insoluble lipid-based surfactants to increase the hydraulic safety in angiosperms. These surfactants might coat hydrophobic surfaces and stabilize nanobubbles and, thus, may be important to avoid bubble expansion and the resulting heterogenous nucleation or air seeding at the pits.
Considering that vulnerability thresholds depend on g and that g can change in plants, Domec (2011) was right in stating that we should "not forget the critical role of surface tension in xylem water relations." However, to our knowledge, a study focusing on changes in hydraulic vulnerability with respect to changes in g of the xylem sap is missing. Moreover, knowledge of the temporal variation of g in conifer xylem sap is scarce, despite the presence of high embolism risk in some species and related ecosystems (Mayr et al., 2006; Mayr and Charra-Vaskou, 2007; Brodribb et al., 2010) . For instance, conifers at the alpine timberline show annually high winter embolism (Mayr et al., 2002 (Mayr et al., , 2003c (Mayr et al., , 2006 due to frost drought and repeated freeze-thaw events (Tranquillini, 1957; Mayr et al., 2003b) . We thus expected timberline trees to be an excellent model system in which to study the role of g and its possible seasonal changes and respective effects.
In this study, we focused on two timberline conifer species (Picea abies and Pinus mugo) to analyze (1) if the g of conifer xylem sap shows seasonal variation, (2) if variation in g within the observed physiological range causes changes in hydraulic vulnerability, and (3) if seasonal changes in g combined with g effects on vulnerability may lead to significant seasonal courses in hydraulics safety. We monitored the percentage loss of conductivity (PLC), leaf C, and xylem sap g over 18 months and analyzed the vulnerability of branch xylem perfused with solutions at different g levels. We expected at least minor seasonal variation in xylem sap g and significant effects of g on hydraulic vulnerability. The resulting in situ vulnerability would differ from standard laboratory measurements of hydraulic vulnerability, being higher during periods of reduced g. It might explain the native PLC values higher than predicted from standard vulnerability curves as observed in previous studies on timberline conifers.
RESULTS

Seasonal Course
In both species, xylem sap g (Fig. 1, A and B) changed considerably over the year. During the first year, xylem sap g tended to increase from January to summer (P. abies, from 53.8 6 0.95 to 65.34 6 0 mN m
21
; P. mugo, from 49.86 6 3.41 to 67.95 6 2.59 mN m
) before declining again until winter. In P. mugo, xylem sap g remained overall stable for the rest of the study period, while it again increased strongly in P. abies from April to June of the second year (up to 67.12 6 1.77 mN m ; data not shown). Xylem sap osmolality was negatively correlated with xylem sap g in both species (P. abies, P = 0.015; P. mugo, P = 0.039; Fig. 2 ).
PLC was low (less than 20%) in both species during the summer months but reached high levels during the second winter. In P. abies, it was up to 81.5% 6 8.7% in February, and in P. mugo, it was about 67% from January to April (Fig. 1, E and F) . No correlation between PLC and xylem sap g was observed (P. abies, P = 0.136; P. mugo, P = 0.721). In both species, C reached the lowest values in February of both years (approximately 23 MPa; data not shown). No correlation between C and xylem sap g was observed (P. abies, P = 0.843; P. mugo, P = 0.998).
Effect of g on Drought-Induced Xylem Embolism
Reduced g of perfusing solutions (within the range of xylem sap g measured over the season; see above) clearly influenced the vulnerability to drought-induced xylem embolism in both species under study (Fig. 3 ).
Vulnerability thresholds of control, 55, and 45 mN m 21 g solutions differed significantly (Table I) , and overall g of solutions and C 12 (P , 0.001), C 50 (P , 0.001), and C 88 (P = 0.001) were correlated significantly (Fig. 4) .
Calculation of C 50 based on the native g measured in xylem sap over the year (Fig. 1, C and D) and the respective C 50 from the C 50 versus g plot (Supplemental Fig. S1 ) revealed large variations in the estimated in situ vulnerability. In both species, estimated C 50 showed highest values in winter (P. abies, February, 23.05 6 0.15 MPa; P. mugo, January, 23.21 6 0.17 MPa) and lowest values in summer (P. abies, June, 23.82 6 0.07 . Solid, long dashed, and short dashed vertical lines represent C 50 , C 88 , and C 12 , respectively.
MPa; P. mugo, August, 24.11 6 0.13 MPa). In both species, estimated C 50 values were always higher than the one obtained with the reference solution.
DISCUSSION
Bubble physics leaves no doubt of the crucial role of xylem sap g in embolism formation (Brennen, 1995; Hölttä et al., 2002 Hölttä et al., , 2007 Domec, 2011) . Previous studies already highlighted important aspects such as g-effects on hydraulic vulnerability or changes of xylem sap g in planta (Crombie et al., 1985; Choat et al., 2004; Cochard et al., 2009; Christensen-Dalsgaard et al., 2011; Hölttä et al., 2012) . This study closes an important gap, as it focused on the temporal variation in xylem sap g of conifers and its directly related effects on hydraulic safety. We observed remarkable changes in xylem sap g over the year and respective variations of the estimated in situ vulnerability, which is of relevance not only for our understanding of plant hydraulics under natural conditions but also from a methodical point of view.
In both P. abies and P. mugo, a pronounced annual course in xylem sap g was observed (Fig. 1, A and B) , which was probably caused by changes in the physiological concentrations of natural surfactants (Iwai et al., 2003; Ligat et al., 2011; Schenk et al., 2017) or, to less extent, of ions. Accordingly, g of the xylem sap was negatively related to its osmolality (Fig. 2) , indicating increased solute concentrations to be responsible for reduced g during winter.
In contrast to the general assumption that xylem sap g is similar to that of pure water (73 mN m
21
; Tyree and Zimmermann, 2002) , g values were always lower in Table I . Vulnerability curve parameters of P. abies and P. mugo branches perfused with solutions of different g Values are represented as means 6 SE. Within each species, values within one column not followed by the same letter differ significantly at P , 0.05 (ANOVA followed by Tukey's posthoc test). both species under study. In P. abies and P. mugo, the highest values were about 68 mN m 21 and reached surprisingly low minimum values down to about 50 mN m 21 . Such low xylem sap g should lead to a less negative threshold for air seeding and, thus, to reduced hydraulic safety (see introduction). In fact, when branches of P. abies and P. mugo were perfused with solutions of low g, vulnerability thresholds (i.e. C 12 , C 50 , and C 88 ) were shifted to less negative C levels (Table I; Figs. 3 and 4) . Most important, this effect was clearly visible in the chosen physiological range of g, corresponding to values measured in the xylem sap over the year. When perfused with the standard solution, P. abies showed a vulnerability similar to those described by Mayr et al. (2006) and Beikircher et al. (2010) , while P. mugo was more resistant than reported by Mayr et al. (2003b) . This is probably due to the shrub-like growth form of P. mugo, which forms quite variable branches. Perfusion with the 45 mN m 21 solution revealed shifts in vulnerability thresholds, which, overall, were similar to those obtained by Cochard et al. (2009) on three conifers and one angiosperm using a solution of about 43 mN m 21 prepared with the artificial surfactant Tween 40.
The importance of these findings for tree hydraulics becomes clear when the seasonal course in xylem sap g and the effects of g on hydraulic vulnerability are combined: based on the linear regression between C 50 and solution g (Supplemental Fig. S1 ), the estimated in situ vulnerability with respect to xylem sap g observed during the year was calculated (Fig. 1, C and D) . Estimated C 50 levels were always less negative than C 50 obtained with the standard solution, and in both species, they showed changes of almost 1 MPa over the year. However, estimated summer C 50 (i.e. higher xylem sap g values; Fig. 1 , A-C) was close to C 50 obtained with the standard solution. Accordingly, Brodribb et al. (2017) also found no difference between C 50 obtained using the Cavitron technique (i.e. using pure water) and the optical method (i.e. using xylem sap; Brodribb et al., 2016) . Mean estimated C 50 varied by 0.77 MPa in P. abies and by 0.9 MPa in P. mugo. This might help explain why native PLC in timberline trees often was found to be much higher than PLC based on measured C and the respective standard vulnerability curve (Mayr et al., 2003a (Mayr et al., , 2003c Mayr and Charra-Vaskou, 2007) . In the studied winter seasons, C in P. abies and P. mugo reached only 23.1 6 0.15 and 22.97 6 0.14 MPa (data not shown); thus, PLC should be 22.6% 6 8.2% and 12.4% 6 2.7% (according to Pammenter and Vander Willigen [1998] ) at a maximum for P. abies and P. mugo, respectively. As shown in Figure 1 , it instead reached up to 70% to 80% in both species. One reason for this unexpected high embolism is the combination of freezethaw events (Mayr et al., 2003a; Pittermann and Sperry 2006) and frost drought at the timberline, but shifts in the in situ vulnerability now appear to be a second important aspect: as g plays a crucial role defining the stability of bubbles and air-water menisci during frost drought, freezing, and thawing (see introduction; Mayr and Sperry, 2010; Charrier et al., 2014 Charrier et al., , 2017 Mayr and Ameglio, 2016) , low g increases the risk of xylem embolism during winter while it decreases it during spring. One might also speculate that the observed changes during spring play a role in refilling processes reported in a previous study . However, these results are in contrast with recent findings of Schenk et al. (2017) , who hypothesized insoluble lipidbased surfactants to increase the hydraulic safety of angiosperms (see introduction). It is unknown if this mechanism also may be relevant for conifers and/or if both soluble and insoluble surfactants are present in the xylem sap. g measured in this study reflects the cumulative changes in sap solutes (Fig. 2) and, thus, can indicate neither the concentration nor the activity of specific surfactants. It also should be mentioned that we adjusted the g of solutions using ethanol, which can only simulate the action of soluble surfactants. Also, it cannot be excluded that ethanol affects the xylem besides change in g, even though the results were similar to those reported by Cochard et al. (2009) .
This study also has important methodical consequences. Common protocols (Cochard et al., 2013; Martin-StPaul et al., 2014) for vulnerability analysis are based on several standard solutions to hydrate or perfuse samples, and this causes two problems. First, it has to be considered that vulnerability analyses reflect standard laboratory conditions, which do not account for xylem sap g in planta. The data obtained are useful to compare the hydraulic safety of species (Choat et al., 2012; Gleason et al., 2016 ) but they might not be sufficient to estimate the hydraulic risk under natural conditions (as demonstrated on timberline conifers). Second, g of solutions in most protocols is not known or given, putting the comparability of studies into question. To test this, we prepared the most commonly used solutions and measured their g (Table II) . Fortunately, we found g of all solutions to be similar to that of pure water and, thus, possible effects to be negligible. However, the use of other solutions should consider a possible influence of g, and it also should be noted that higher temperatures lower g by about 0.16 mN m 21 per K (Vargaftik et al., 1983) . Furthermore, while, in some methods (e.g. Cavitron; Cochard et al., 2005) , the xylem sap is exchanged by flushing, cut plant samples with their native xylem sap are used in others (e.g. bench dehydration; . In the latter, seasonal variation in xylem sap g might play a role. In summary, the seasonal course in xylem sap g of studied timberline conifers was much more pronounced than hypothesized. Such changes in xylem sap g may cause significant variation in hydraulic vulnerability, which is of relevance for the analysis of field hydraulic data as well as for vulnerability measurements in the laboratory. In both cases, measurements of xylem sap g might be essential to correctly interpret data, and further studies are necessary to understand the variability of xylem sap g and its effects on plant hydraulics.
MATERIALS AND METHODS
Plant Material
This study was performed on branches collected from two conifers (Picea abies and Pinus mugo) growing at the alpine timberline between 1,900 and 2,000 m above sea level in the Tyrolean central Alps (Birgitz Köpfl [47°119N/11°199E] and Seegrube [47°189N/11°239E]). Measurements were performed on 0.5-to 1-m-long sun-exposed branches collected at breast height from the crown of 3-to 4-m-tall trees/shrubs.
Test measurements proved the following.
(1) The pressure applied during sap extraction, as well as different stem C, did not influence g of the extracted xylem sap (Supplemental Fig. S2 ). (2) A possible contamination of extracted xylem sap by living cells damaged at the cut surface also was excluded: rinsing the cut surface with distilled water or cleaning with a high-pressure water jet (Oxyjet Cleaning System, Oral B; Procter & Gamble) did not cause any change in g when compared with control branches (Supplemental Fig. S3 ). (3) Xylem sap g of three conifers species (Taxus baccata, P. abies, and Pinus cembra) measured before and after 24 h of freezing did not change (Supplemental Fig. S4 ). (4) Finally, the effect of resin on g can be expected to be negligible: mixtures of distilled water and high amounts of P. abies resin revealed a g of 66.3 6 1.6 mN m 21 (1 mg of resin per 1 mL of distilled water) at a minimum, and during the winter months (when g decreased), resin outflow of branch xylem was observed to be lowest. Also, xylem sap g did not differ between species that lack resin channels (T. baccata) or that contain medium (P. abies) and extremely high (P. cembra) resin contents (Supplemental Fig. S4 ).
Seasonal Course
From January 2007 to June 2008, the study site at Birgitz Köpfl (for climate data, see Charra-Vaskou et al., 2012) was visited monthly (between 9 and 11 AM), and at least six branches (of different and randomly chosen individuals) per species were collected (breast height, sun exposed), enclosed in plastic bags, and carried to the laboratory for sap extraction as well as determination of PLC. Before cutting the branches, three end twigs per branch were collected, and C was measured with a Scholander apparatus (model 1000; PMS Instrument). From three of six branches, side twigs were removed, and the remaining main axes (main stem length, 50-60 cm; side stem length, less than 20 cm) were completely debarked, washed with distilled water, and dried with paper towels. Branches were debarked to avoid reverse osmosis from living cells during xylem sap extraction (López-Portillo et al., 2014) . Furthermore, this procedure should prevent the contamination of extracted sap with resin. The apical stem section was sealed in a Scholander apparatus (model 600-EXP Super Pressure Chamber; PMS Instrument), and pressure was slowly raised up to 4 MPa. The sap dripping out of the basal cross section was collected in a 2-mL Eppendorf vial sealed to the protruding part of the branch (to avoid possible evaporation during the collection). Xylem sap extraction from conifer branches collected at the alpine timberline is difficult during winter, when trees reach very low C. From these branches, only a few drops of xylem sap could be collected. Extracted xylem sap samples were frozen until measurements.
For each sap sample, the g of xylem sap was measured with the sessile drop technique (de Gennes et al., 2004; Bracco and Holst, 2013) . Images of xylem sap drop profiles (10 mL) were captured with a light stereoscope (Olympus SZ61; Olympus Austria) connected to a digital camera (Cyber-shot DSC-W17; Sony), and their diameter and height were measured using ImageJ 1.45 software (National Institutes of Health). The contact angle was calculated, and an empirical relation between the contact angle and g of known solutions was used both to calibrate the system and to calculate the g of xylem sap drops. At least three xylem sap drops per sample were analyzed and averaged. During image capture, the temperature was maintained constant. In addition, the xylem sap osmolality was measured with a vapor pressure osmometer (VAPRO 5520; Wescor).
The remaining three branches per species were used to determine native PLC. PLC was quantified via a xylem embolism meter (XYL'EM system; Bronkhorst) on three to four subsamples and averaged per branch. Stem segments (approximately 4 cm long) were cut under water, and the PLC was determined by measuring the increase in hydraulic conductivity after the removal of xylem embolism by repeated high-pressure flushes . Sample preparation and the measurement procedure were done according to Mayr et al. (2006) and Wheeler et al. (2013) : flushing (at 0.08 MPa for 20 min) and conductivity measurements (at 0.004 MPa) were performed with distilled, filtered (0.22 mm), and degassed water containing 0.005% (v/v) Micropur (Katadyn Products) to prevent microbial growth. Flushing was repeated until measurements showed no further increase in conductivity, and the loss of conductivity was calculated as:
where K min and K max are the initial and maximal conductivity, respectively.
At each sampling date, three end twigs (approximately 10 cm) per branch also were collected, and C was measured with a Scholander apparatus (model 1000; PMS Instrument) and averaged per branch.
Effects of g on Drought-Induced Xylem Embolism
For vulnerability analysis, 16 branches (of different and randomly chosen trees) per species were collected in October 2016 at the study site of Seegrube. Branches were expected to be representative in their vulnerability to droughtinduced embolism, as the formation of the last year ring was completed and the intraspecific variation in vulnerability of conifers overall seems to be small (Bouche et al., 2014) . We used the Cavitron technique (Cochard et al., 2005; Beikircher et al., 2010; Wang et al., 2014) to test the effect of g on droughtinduced xylem embolism. Controls were measured with the same solution as for PLC measurements (see above), which had a g of 74 mN m 21 . For experimental samples, we prepared three ethanol-water solutions at 2%, 5%, and 15% (v/v) ethanol, which corresponded to g of 65, 55, and 45 mN m 21 , respectively.
These values of g were within the natural range of xylem sap g observed during the seasonal course (see above). The g of solutions was measured with the stalagmometer method (Stalagmometer nach Traube; GML Gesellschaft für Medizin-und Labortechnik; Harkins, 1952; Molina et al., 2000) . Four branch segments (approximately 0.35 m) per species and solution were first perfused at low pressure (0.008 MPa) for 40 to 50 min to completely substitute the xylem sap for the target solution, and then, vulnerability curves were determined. Before positioning the branch segments in a 280-mm rotor of a modified Sorvall RC-5 centrifuge (Thermo Fisher Scientific), they were debarked at the ends and recut several times under water with a sharp wood carving knife (Wheeler et al., 2013) . During the following centrifugation steps, samples were perfused always with the solution used previously for perfusion. Measurements started at a C of 20.2 MPa and were repeated at intervals of 0.2 to 0.5 MPa lower C until the samples were fully embolized (at least 95%-98%). As C decreased, PLC increased following a sigmoidal vulnerability curve (i.e. the plot of PLC versus C). Following Pammenter and Vander Willigen (1998) , an exponential sigmoid function was fitted to each vulnerability curve:
where a is a constant related to the curve slope and C 50 corresponds to the C at 50% loss of conductivity.
From vulnerability plots, we extracted the thresholds C 12 , C 50 , and C 88 , which refer to C at 12%, 50%, and 88% loss of conductivity, respectively (Domec and Gartner, 2001; Choat et al., 2012) .
A linear regression of C 50 versus g of solutions (Supplemental Fig. S1 ) enabled the calculation of estimated C 50 based on xylem sap g over the year and, thus, of the estimated in situ vulnerability.
Statistics
All values are given as means 6 SE. Correlation analysis was carried out using the Pearson product-moment correlation (seasonal course values, estimated seasonal course values), while differences were tested using a one-way ANOVA followed by Tukey's posthoc comparison (vulnerability curve parameters). All tests were conducted using SPSS software version 21.0 (SPSS) at a probability level of 5%.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Linear regressions of parameter a and C 50 of branches of P. abies and P. mugo.
Supplemental Figure S2 . g of xylem sap collected from P. abies branches pressurized at different pressures.
Supplemental Figure S3 . g of 1-mL drops of bidistilled water placed for 1 min at the cut end of P. abies branches before and after cleaning.
Supplemental Figure S4 . Xylem sap g of three conifer species.
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